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Abstract 
 In-situ observations on the size and shape of particles in arctic cirrus are less 
common than those in mid-latitude and tropical cirrus with considerable uncertainty 
about the contributions of small ice crystals (maximum dimension D<50 µm) to the mass 
and radiative properties that impact radiative forcing. In situ measurements of small ice 
crystals in arctic cirrus were made during the Indirect and Semi-Direct Aerosol Campaign 
(ISDAC) in April 2008 during transits of the National Research Council of Canada 
Convair-580 between Fairbanks and Barrow, Alaska and during Mixed Phase Arctic 
Cloud Experiment (MPACE) in October 2004 with the University of North Dakota 
(UND) Citation over Barrow, Alaska. Concentrations of small ice crystals with D < 50 
µm from a Cloud and Aerosol Spectrometer (CAS), a Cloud Droplet Probe (CDP), a 
Forward Scattering Spectrometer Probe (FSSP), and a two-dimensional stereo probe 
(2DS) were compared as functions of  the concentrations of crystals with D > 100 µm 
measured by a Cloud Imaging Probe (CIP) and two-dimensional stereo probe (2DS) in 
order to assess whether the shattering of large ice crystals on protruding components of 
different probes artificially amplified measurements of small ice crystal concentrations.  
 The dependence of the probe comparison on other variables as CIP N>100 (number 
concentrations greater than diameter D>100 µm),temperature, relative humidity respect 
to ice (RHice), dominant habit from the Cloud Particle Imager (CPI), aircraft roll, pitch, 
true air speed and angle of attack was examined to understand potential causes of 
discrepancies between probe concentrations. Data collected by these probes were also 
compared against the data collected by a CAS, CDP and CIP during the Tropical Warm 
Pool-International Cloud Experiment (TWP-ICE) and by a CAS and 2DS during the 
Tropical Composition, Cloud and Climate Coupling (TC4) missions. During ISDAC, the 
CAS and FSSP both overestimated measurements of small ice crystals compared to both 
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the CDP and 2DS by 1-2 orders of magnitude. Further, the amount of overestimation 
increased with the concentrations from the CIP2 (N>100 > 0.1 L-1). There was an 
unexplained discrepancy in concentrations of small crystals between the CDP and 2DS 
during ISDAC. In addition, there was a strong dependence on RHice of the average ratios 
of the N3-50, CAS/N3-50,CDP, N3-50, FSSP096/N3-50,CDP, N3-50, CAS/N3-50,FSSP096, N10-50, CDP/N3-50,2DS, 
N10-50, FSSP096/N10-50,2DS. Continued studies are needed to understand the discrepancy of 
these probes. 
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1.  INTRODUCTION 
 The impact of cirrus clouds on climate through anthropogenic and natural 
influences is not well understood. There is still considerable uncertainty in the knowledge 
of cirrus microphysical properties (ice crystal diameter and shape) and macrophysical 
properties (cloud base, cloud height, thickness) that affect solar scattering (Ackerman et 
al, 1998; Kristjansson et al. 2000; McFarquhar et al. 2003; Liou et al. 2008). Further, 
cloud feedback mechanisms involving cirrus are poorly represented in radiative transfer 
and climate models (Stephens et al., 1990). Ice crystal size distributions are important in 
determining the balance between longwave and solar cloud radiative forcing (Stackhouse 
and Stephens, 1991; Jensen et al., 1994). A study by Sanderson (2008) identified the 
physical processes that led to variations in climate sensitivity using an ensemble of 
thousands of general circulation model (GCM) simulations. One of the physical processes 
was ice crystal fall speed which is a function of ice crystal diameter and shape. Using the 
National Center for Atmospheric Research Community Atmosphere Model (NCAR 
CAM3), Mitchell et al. (2008) showed that the ice sedimentation rates and radiative 
properties are sensitive to assumptions about small ice crystal (maximum dimension < 50 
µm) concentrations in both the Arctic and Tropics. Thus, to evaluate cirrus microphysical 
and radiative properties, in-situ data are needed to acquire information about ice crystal 
shape, size and concentrations. 
 There is debate over the importance of smaller crystals for determining the 
radiative properties of cirrus and their contributions to cirrus mass. In this study, small 
crystals are defined as ice crystals with maximum dimension <50 µm. Many earlier cirrus 
(Brown, 1989; Dowling and Radke, 1990; Heymsfield et al. 1990; Wielicki et al., 1990) 
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studies used two-dimensional optical array probes to size particles between 25 and 50 µm, 
but there is uncertainty and unreliability in measuring ice crystals with maximum 
dimensions below 125 µm from these probes (Baumgardner and Korolev, 1997). Some 
previous research suggested that small ice crystals in cirrus are plentiful enough to 
enhance reflectivity in cirrus, increase solar radiative forcings and tropospheric 
temperatures (Knollenberg et el., 1993; Ivanova et al., 2001; Garrett et al., 2003). A 
sensitivity study using the Scripps single column model (SCM) (McFarquhar et al. 2003) 
showed that decreasing the effective radii of high tropical cirrus from 30 µm to 10 µm led 
to an increase of surface shortwave cloud forcing by 25%. However, in another study, 
McFarquhar and Heymsfield (1997) showed that in tropical cirrus anvils sampled during 
the Tropical Ocean Global Atmosphere/Coupled Ocean-Atmosphere Response 
Experiment (TOGA-COARE) and Central Equatorial Pacific Experiment (CEPEX), 
small crystals (20-25 µm) did not dominate the mass and radiative properties of cirrus. In 
addition, Heymsfield et al. (1998) showed that small crystals in the upper parts of tropical 
cirrus cannot be the only reasons for the high optical depths, albedos, and ice water 
contents (IWCs) of such clouds.  It has been hypothesized that previous observations of 
large concentrations of small ice crystals are due to the shattering of large crystals on 
protruding components of in-situ probe instruments producing hundreds of smaller 
particles (Korolev and Isaac 2005). It is therefore critical to understand the plausibility of 
artificial shattering from in-situ probe instruments to enhance small crystal concentrations. 
  Aircraft in-situ instruments are used to measure ice crystal shape, size and 
concentrations in cirrus clouds. Many of these probes have fair reliability, quick data 
processing and can be used to derive cloud properties (effective radius, extinction 
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coefficient and IWC). In previous studies, various instruments have measured small 
cirrus ice particles (<50 µm diameter) such as the Cloud and Aerosol Spectrometer 
(CAS) and the Forward Scattering Spectrometer Probe (FSSP). These probes measure the 
amount of forward scattered light and retrieve crystal size using Mie theory 
(Baumgardner et al., 2005). The CAS and FSSP have protruding shrouds and inlets near 
the sample volume to direct airflow into the sample volume, but they increase the 
probability of artificially enhancing particle concentrations due to large crystal shattering 
(Baumgardner and Korolev, 1997). Gardiner and Hallett (1985) showed that an FSSP 100 
model measured ice concentrations that were 2-3 orders of magnitude larger than the 
actual ice concentrations sampled by a formvar replicator. Field et al. (2003) also showed 
that crystal concentrations can be overestimated by factors of 2-3 by investigating particle 
interarrival times recorded by the FSSP.  
 It is essential to quantify the degree to which small crystal concentrations are 
artificially amplified by in-situ measurements. McFarquhar et al. (2007) showed that the 
ice crystal concentrations measured by a CAS (without an airflow shroud) during the 
Costa Rica Aura Validation Experiment were an order of magnitude less than those 
measured during the Tropical Warm Pool International Cloud Experiment (TWP-ICE) 
when a shroud on the CAS was used. The Cloud Droplet Probe (CDP) is similar to the 
FSSP except that the arms are located farther away from the sample volume. Thus, there 
is less chance for shattered particles to pass through the sample volume. McFarquhar et al. 
(2007) compared the CDP and CAS Size Distributions (SDs) of tropical cirrus and 
showed that the CAS concentrations of small crystals were greater than concentrations 
measured from the CDP by up to two orders of magnitude when large crystals were 
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present. The relationship between the ratio of CAS and CDP small crystal (D <50 µm) 
and concentrations of large crystals (D > 100 µm) provides plausible evidence of 
artificially enhanced CAS concentrations due to shattering of large crystals on the outer 
inlet.  
 Other studies have contended that high number concentrations of small crystals 
naturally occur in cirrus. Arnott et al. (1994) used the DRI replicator during FIRE II to 
find large concentrations of ice crystals smaller than 66 µm. Ström et al. (1997) also 
observed an average mean mass diameter of 16 µm and a high ice crystal concentration 
rate averaging 2500 L-1 for temperatures between -35ºC to -60ºC in mid-latitude cirrus 
using the FSSP-100. During the Stratospheric-Tropospheric Exchange Program (STEP), 
Knollenberg (1993) found particle mass modes at sizes of 20-40 µm and found little trace 
of particles larger than 100 µm at the tops of cirrus from a typhoon. In addition, Garett et 
al. (2003) used in-situ measurements of cirrus to show that ice crystals are smaller in size 
and more reflective than assumed in current radiative transfer models. However, in the 
studies of Ström et al. (1997), Knollenberg (1993) and Garett et al. (2003), FSSP type 
probes were used to measure small crystals.  
 In-situ aircraft measurements of the microphysical properties of arctic cirrus are 
uncommon due to challenging flight conditions and inaccessible locations far from bases 
from which research aircraft can operate out of. This study uses very unique data sets 
collected during the Indirect and Semi-direct Aerosol Campaign (ISDAC) conducted 
during April 2008 out of Fairbanks, Alaska and during the Mixed Phase Arctic Cloud 
Experiment (M-PACE) based out of Prudhoe Bay, Alaska, in September to October 2004, 
to derive the microphysical properties of arctic cirrus. There were six flights during 
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ISDAC when arctic cirrus (4 April, 5 April, 13 April, 19 April, 25 April and 27 April 
2008) were observed using a unique set of in-situ aircraft probes on the National 
Research Council (NRC) of Canada-Convair-580. For MPACE, there were two flights 
conducted on 17 October and 18 October 2004 when arctic cirrus were observed.  
 This research utilizes the unique ISDAC data set to first assess the measurements 
of small ice crystals in arctic cirrus. Comparisons of the CAS and CDP concentrations are 
used to evaluate probe performance in a way similar to the analysis of TWP-ICE tropical 
cirrus data by McFarquhar et al. (2007). In addition, the performance of the CAS and 
CDP is compared against that of other independent probes such as the two-dimensional 
stereo probe (2DS) and FSSP which were not available during TWP-ICE. The 
dependence of the relationships between probe concentrations on variables such as 
temperature and relative humidity respect to ice (RHice) was investigated to better 
understand potential causes of discrepancies between probes. Finally, a combination of 
the MPACE and ISDAC data was used to provide conceptual views of the formation and 
development of cirrus clouds by examining CPI images which can be compared against 
mid-latitude and tropical cirrus properties to assess how cirrus properties vary in different 
regions. 
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II. OBSERVATIONS OF ARCTIC CIRRUS  
 
2.1. Overview 
 
 In-situ measurements were obtained in arctic cirrus during ISDAC and MPACE. 
This provided the data necessary to examine and evaluate measurements of small ice 
crystals by different probes and to characterize the microphysical characteristics of mixed, 
liquid and ice phase clouds. Although the primary goal of ISDAC was to sample 
stratocumulus in the vicinity of Barrow Alaska, there were six days (4 April, 5 April, 13 
April, 19 April, 25 April and 27 April 2008) on which arctic cirrus were sampled during 
transits from Fairbanks to Barrow Alaska. In each of these days, the NRC 580 aircraft 
flew at altitudes between 3.19 to 7.37 km sampling cirrus.  In addition, there were two 
days during MPACE (17 October and 18 October 2004) when cirrus was measured by 
instruments on the UND Citation.   
 The instruments listed in Table 1.1 were deployed on the National Research 
Council (NRC) Convair-580 and provide data that was used in the analysis presented 
here. Table 1.2 includes the cloud instruments deployed on the UND Citation during 
MPACE. Table 1.3 summarizes the start-end time (UTC), and latitude, longitude, altitude 
and temperature range for the cirrus flights during both ISDAC and MPACE. Potential 
times for the occurrence of cirrus are first defined as all times with T < -20 ºC, and then 
cirrus was identified as those points when IWC from the Cloud Spectrometer and 
Impactor (CSI) averaged over 10 seconds was greater than > 0.001 g/m3.  Data from the 
CSI have been corrected by having a baseline threshold removed. Only flights when 20% 
of the points in the appropriate temperature range had IWC > 0.001 g/m3 were used in 
this study.  
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 Figures 1 to 6 show the flight tracks and MODIS images of the cirrus sampled on 
each day. The blue coloring on the flight path represents those points in cirrus where 
IWC> 0.001 g/m3.  Representative CPI images were manually identified for each flight 
and are shown as a function of latitude and longitude for the ISDAC cases and as a 
function of height for the MPACE cases.  
 
2.2. ISDAC/MPACE Meteorological conditions 
 The meteorological forcings for 4 April, 5 April, 13 April, 19 April, 25 April, 27 
April 2008 for ISDAC and 17 Oct. to18 Oct 2004 for MPACE are discussed in this 
section. It is important to examine meteorology differences in forcings between the 
different days. For example, the relative humidity over ice (RHice) controls cirrus cloud 
formation in the upper troposphere. Ice cloud microphysics interacts with in-cloud 
humidity because it influences water vapor condensation of ice crystals (Khvorostyanov 
et al., 2006), and hence the particle size and fall speed which affect the vertical 
distribution of water in a column of the upper troposphere. After an ice cloud forms, 
water vapor is depleted by growing ice crystals as a function of the number concentration 
and particle size (Krämer et al., 2009 and Gensch et al., 2008). Due to the low 
temperatures occurring in the arctic winter-spring upper troposphere and lower 
stratosphere, cirrus cloud frequently present at high latitudes and their occurrence is often 
correlated with the synoptic weather conditions (Reichardt et al., 2002; Pfister et al., 
2003). Thus, it is important to examine the synoptic weather conditions.   
 During ISDAC, polar jet streams moved across western Alaska from 4 April to 6 
April with the 300 mb winds in Figure 7 a-b indicating that the jet was moving at 
approximately 20 knots. In addition, a surface low pressure of ~992hPa (Fig. 8 a) 
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suggests cyclonic activity, which moved west to northwest of Alaska. This surface low 
was associated with weak polar front marking the boundary of cold polar air mass. Polar 
lows mostly are formed over the arctic sea when cold arctic air moves across relatively 
warmer water which forms in the cold air far north of the polar front itself or they tend to 
form beneath cold upper-level troughs (Hamilton, 2003). Cirrus associated with the 
frontal lifting due to the polar front are spread eastward by the jet stream.  
 An upper-troposphere jet stream was positioned south of Alaska on 6 April. This 
was then followed by a deep high pressure system which formed east of Alaska across 
the North Pole to northern Siberia by 14 April (Fig. 7 b-d), while a low pressure system 
steadily cut across west to east of Alaska (Fig. 8 b-d). After 6 April, the surface synoptic 
condition over Alaska was defined with a high pressure system of ~1040hPa (Fig. 8 b-c). 
These conditions forced an arctic air mass across the Northern Slope of Alaska in a north-
eastern direction on 8 April (Fig. 8 b-e). A dominating upper-low moved across the 
Northern Slope on 17 April and 18 April. This developed into a strong omega block with 
troughs on each side of the block, and remained in this position until 24 April (Fig. 7 e-f). 
As a result, a strong surface high pressure system was positioned over Alaska and north 
western Canada (~1032 hPa) during this period. The omega block dissipated when a 
strong low pressure system propagated eastward from North East Siberia on 25 April (Fig. 
8 e-f). An extended trough stretched north to south of Alaska into the Gulf of Alaska (Fig. 
7 g) where a strong low pressure center of ~992 hPa was located in the Gulf of Alaska 
(Fig. 8 g). 
 NASA Moderate Resolution Imaging Spectroradiometer (MODIS) images are 
shown for times during the flights through cirrus on 4 April, 5 April, 13 April, 19 April, 
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25 April and 27 April 2008 (Fig. 1-6). The flight track is colored in green. The MODIS 
image shows the 1.38 µm reflectance. This channel is unique due to its strong absorption 
properties of water vapor in the atmosphere.  Cirrus reflecting the 1.38 µm radiation is 
detected by MODIS because there is little absorption from water vapor at the channel. In 
this band, high clouds appear brighter due to a relatively low specific humidity and 
reflectance from low and mid-level clouds is partially attenuated by water vapor 
absorptions (Ackerman et al., 1998). Ackerman et al. (1998) has developed algorithms 
that perform MODIS cloud masking which can detect clouds over snow and ice using 
several spectral threshold tests in the visible, near infrared (IR) and thermal IR.  For this 
particular study, the MODIS images are used only to provide an overall summary of the 
cloud conditions at the time of flights. 
 During M-PACE, the UND Citation executed spiral ascents/descents through 
cirrus in the vicinity of Barrow Alaska on 17 to18 Oct. 2004 (Fig. 9). On 17 to18 Oct. 
2004, a warm front traversed across the North Slope of Alaska. Therefore a deep ridge 
moved over the North Slope with a surface high drifting southeastward on 18 Oct. A 
strong low pressure center (940 hPa with a 42 hPa drop over 24 hours) quickly formed 
near Kamchatka and traveled north into south western and western Alaska (Yannuzzi, 
2005).  The strong low pressure center traveling north into western Alaska gave rise to 
cirrostratus cloud with cloud tops of 10.5 km MSL (Mean Sea Level), which later fell to 
~6.0 km. Inside these clouds thin super cooled liquid altocumulus clouds were embedded 
(Sassen et al., 2005). Fig. 10 shows a cross section from the Proteus nadir cloud-detection 
lidar and a time-height cross section from the Atmospheric Radiation measurement 
(ARM) Millimeter-Wave Cloud Radar (MMCR) reflectivity over the Barrow ARM site. 
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The cross section shows complicated cloud structures with several precipitating cirrus 
layers over a midlevel deck associated with the moisture layer at 500 hPa. The bottom 
panel shows a high-resolution image from the University of Alaska Fairbanks lidar of the 
midlevel cloud showing a thin (50 m thick) liquid cloud layer holding patches of ice 
clouds (Verlinde et al, 2007). 
 Past studies have shown that there is considerable variability in the microphysical 
properties of cirrus. Dowling and Radke (1990) summarized the microphysical data from 
many projects measuring cirrus in different locations, showing a wide range in the 
microphysical and macrophysical properties. They showed that cirrus thickness can vary 
from 0.1 to 8 km with the cloud-center altitude ranging from 4 to 20 km. The crystal 
number concentrations varied from 10-4 to 104 L-1, total water contents from 10-4 to 1.2 
g/m3 and crystal from 1 to 8000 µm. However, they did not segregate the properties 
according to the geographical regime where the observations were made. 
2.3. Ice nucleation 
 Arctic cirrus are generally formed when weather systems lift air parcels originally 
located poleward of the tropospheric jet upward and poleward to trigger cloud formation 
and dehydration by rapid and strong cooling (Karcher, 2005). In addition, aerosols in the 
upper tropospheric have important roles in the formation of cirrus. Relationships between 
aerosols and ice-nucleating properties are still uncertain (Pruppacher and Klett, 1997). 
Figure 11 shows a summary schematic of various pathways to ice formation. Ice 
nucleation of cirrus conditions may occur either homogeneously in liquid aerosol 
particles or heterogeneously on particles with no water component.  
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 Homogenous freezing nucleation occurs in pure water droplets but also may occur 
in concentrated solution (haze) below -40°C (pathway A in Fig. 11) (Demott, 2002). 
Supersaturation up to the homogenous freezing threshold frequently occurs under clear 
sky conditions at higher temperatures (T > 200K) while occasionally higher 
supersaturation percentages are observed (Krämer et al., 2009). An increase in relative 
humidity with respect to ice leads to an increase in the equilibrium size of droplets and 
dilutes the solute which may then freeze depending on temperature.  
 Heterogeneous ice nucleation occurs in the presence of insoluble aerosol particles 
(ice nuclei, soot, mineral dust, biological particles) and is hypothesized to occur by four 
different mechanisms: 1) Direct deposition of ice to an insoluble surface (pathway E1 Fig. 
11); 2) Contact freezing nucleation when a solid particle collides with a liquid haze 
particle (pathway F Fig. 11); 3) Condensation freezing when the insoluble component of 
a mixed particle catalyzes freezing (pathway D Fig. 11); 4) Immersion freezing when the 
insoluble particle catalyzes ice formation at a later time. 
 Previous numerical modeling studies (e.g., Jensen and Toon., 1994 and DeMott et 
al., 1994) showed variations that drive the nucleation of ice and physical/chemical 
properties of aerosols that lead to the formation of cirrus with different microphysical 
characteristics. During MPACE, the microphysical properties of cirrus were examined 
using observations of CPI images to show crystal shape and size relationships properties 
with mid-latitude and tropical cirrus. Fig. 9 show CPI images which were similar to 
findings of Heymsfield and McFarquhar (2002); where the 3 distinct zones nucleation 
zone with small crystals occurring at the top of the height, growth zone with larger 
pristine crystals occurring below the nucleation zone and sublimation zone with particles 
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with rounded edges found below the growth zone. Representative CPI images are also 
shown during horizontal legs of cirrus during ISDAC seen in Fig. 1 to 6. These images 
show variability of crystal size and shape in cirrus consisting of bullet rosettes, columns, 
and irregular crystals.  
 Recent studies have question supersaturations up to water saturation or even up to 
the freezing threshold in cirrus are caused by instrument artifacts or if there needs to be a 
renewed understanding of the basic principles of ice cloud formation to explain the 
observations (Peter et al. 2006). Theoretical studies have suggested that high 
supersaturations inside cirrus clouds are quickly reduced within minutes due to the 
consumption of water vapor by growing ice crystals formed by homogenous freezing 
(Hoyle et al., 2005). Consequently Korolev and Mazin (2003) showed that the mean 
number and size of ice crystals are important parameters controlling the RHice. Section 3 
further discusses the manner in which RHice and meteorological variables (temperature, 
IWC, etc) are related to the cloud microphysical properties.  
 
2.4 Microphysical instruments 
 
 In order to understand how cirrus microphysical properties vary between projects, 
it is important to understand how differences in instrumentation between projects might 
affect the measured and derived properties. Microphysical in-situ probes used during 
ISDAC and MPACE are summarized in Table 1.1 and Table 1.2. Table 1.4 shows the 
specific in-situ cloud microphysical probes that recorded data for the flights through 
cirrus from ISDAC and MPACE. The in-situ probes measuring small crystals (D<50 µm) 
include the FSSP096 (Fig. 12 and 13), FSSP124 (Fig. 12 and 13), FSSP300 (Fig. 12 and 
13), CPI (Fig. 12), SPEC fast FSSP (Fig. 14), CDP (Fig. 15 and 16), the two-
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Dimensional Stereo probe (2DS) (Fig. 15 and 17) and CAS (Fig. 18 and 19). An 
examination of measurements of small ice crystals is discussed in chapter 3.  Two-
dimensional optical array probes (OAP) that size particles on an array of photodiode 
detectors attached to fast response electronics include the two dimensional cloud probe 
(2DC) (Fig. 15), the 2DP (Fig. 15), the Cloud Imaging Probe (CIP1) (Fig. 15 and 20) and 
the CIP2 (Fig. 18 and 20). 
 The CSI was designed by Droplet Measurement Technologies (DMT) and to 
measures the Total Water Content (TWC) by evaporating ice particles with D > ~5 µm in 
dry air and measuring the resulting vapor content with a tunable diode laser absorption 
hygrometer.  A deep cone Nevzorov probe was also used during ISDAC to measure the 
Liquid Water Content (LWC) and TWC but these data were not available at the time this 
analysis was started. MPACE used a smaller subset of microphysical probes than during 
ISDAC such as the FSSP, 2DC, CPI, CSI, KING and RICE probe (Table 1.4). 
 The forward scattering probes (i.e, FSSP, CDP, CAS) are optical particle counters 
that size particles from a helium laser by measuring the intensity of forward scattered 
light. The beam is focused at the middle of the inlet seen in Fig. 13, where the inlet is the 
middle tube that reduces vibrations in the system and guides airflow into the sample 
volume. The laser beam is blocked by an optical stop to prevent the beam entering the 
collection optics. Light scattered by particles at angles between 4° and 12° is directed 
through a condensing lens and onto a beam splitter. The beam splitter redirects the 
scattered light into two parts that are transmitted to two photodectectors. One detector is 
masked to receive only scattered light when particles pass within 1.5 mm of the center of 
focus of the beam. The sample volume is defined optically by the intersection of the laser 
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beam and the field of view of the detector. Particles are accepted when the signal from 
the masked detector is greater than from the unmasked detector (Ruth, 2005).  
 The particle size is determined using Mie theory.  Mie theory is an analytical 
solution to Maxwell equations based upon the scattering of light from spherical particles. 
Mie theory is not applicable to non-spherical particles and thus there is uncertainty in the 
sizing of non-spherical ice particles from the forward scattering probes. The size ranges 
over which the FSSP096, FSSP124, FSSP300 and SPEC Fast FSSP detect particles are 
listed in Table 1.1 during ISDAC. The SPEC Fast FSSP also provides particle interarrival 
times that can be used to identify remnants of shattered particles where this information 
can help to derive physical properties. Calibrations of the CDP, CAS and FSSP096 were 
performed by Walter Strapp et al. of Environment Canada in 2009. His analysis and 
calibrations show that the FSSP124 and CAS did not perform well, and that the CDP and 
FSSP096 worked well during ISDAC. The CDP was identified as the best for measuring 
liquid droplets because the FSSP96 had some minor problems sizing some particles 
(Strapp, J. W, personal communication, June 25, 2009); however, both probes provided 
comparable liquid water concentrations. Fig. 21 shows a calibration summary conducted 
by Walter et al., 2009, showing mean diameter as a function of glass beads for the CDP, 
CAS and FSSP096.  In the glass bead size range from 10 to 40 µm, the CAS 
overestimated the mean diameter by a factor of ~2 compared to the CDP and FSSP096. 
The FSSP096 and CAS underestimated the water equivalent size with the CAS showing 
less consistency in its measurements. The performance of the different probes in ice 
clouds is discussed in section 3.  
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 The Two-Dimensional Cloud probe (2DC) and Two-Dimensional Precipitation 
Probe (2DP) are optical array probes developed by Particle Measuring Systems (PMS 
Inc., Boulder, Co.) for the measurement of cloud and precipitation particles. The 2DC 
nominally measures particles from 25 µm < D < 800 µm and the 2DP measures larger 
particles with 200µm < 6400µm due to the coarser resolution of its photodiodes. These 
instruments record the two dimensional shadows of hydrometeors as they pass through a 
focused He-Ne laser beam, blocking the photodiodes. Because the photodiode array is 
attached to fast response electronics, this probe measures multiple one-dimensional slices 
of the particles over time, creating a 2-D image of the particle (Heymsfield and Parrish 
1978). Lawson et al. (2006) showed that the 2DC, installed on the National Center for 
Atmospheric Research (NCAR) C-130 research aircraft during Rain In Cumulus over the 
Ocean Experiment (RICO), was unsuccessful in imaging particles with D<100 µm when 
high concentrations of small particles were measured by the 2DS. Korolev et al. (1998) 
has also shown that optical array probes such as the CIP and 2DC oversize and 
undercount droplets with D < 100 µm. Table 1.1 shows the nominal size ranges for the 
optical array probes during ISDAC. The size distributions from the CIP, 2DC and 2DP 
for D < 125 µm are not used in this analysis.  
 The CIP has a similar operational principle to the 2DC. The major difference is 
that its arms are further apart in order to increase the sample volume. The cloud aerosol 
and precipitation spectrometer (CAPS) (Fig. 18) combines a CAS, Cloud Imaging Probe 
(CIP2) (Fig. 18) and a hot wire liquid water sensor in one probe, where the “2” designates 
that it was one of the two CIPs used during ISDAC. Another stand alone CIP1 (Fig. 15) 
was also installed on the NRC Convair-580 and sized particles with 15<D<960 µm.  
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 The optical sensor of the OAP uses a laser beam with an elliptical cross section 
which illuminates a linear array of 24 to 64 element photodiode array. A particle of the 
beam casts a shadow that is measured onto the diode array and directs light attenuation 
onto some of the diodes. The amount of light attenuation is a function of the wavelength 
of the light, the size of the particle, and its displacement from the center of focus. Overall, 
as the displacement of the center of focus increases, the area of shadow increases and 
attenuation decreases (Baumgardner and Korolev, 1997). Most of the sizing and sample 
volume uncertainties occur in the OAPs when measuring particles D< 200 µm. Previous 
studies have introduced algorithms that provide an airspeed-corrected depth of field to 
use when computing sample volumes as a function of size. 
 Further, the Korolev algorithm resizes particles using the ratio of the hollow 
diameter to the edge and corrects for out of focus images that appear as “donut” type 
particles on the CIP (Korolev et al., 2007). The size range used during ISDAC for the 
CIP1 and CIP2 are defined in Table 1.1. The caveats of the CIP are similar to 2DC but 
there are more out of focus images due to a larger distance between probe arms and 
increasing the sample volume.  The CIP is designed with the arms placed further apart to 
increase the sample volume and uses a 64-element photodiode array to measure particles 
with D from 25-1550 µm. 
 Recent studies have suggested, that a newer generation optical array probe, the 
2DS, can well characterize the size distribution of particles with 50 < D < 125 µm, a size 
range that has been traditionally difficult to measure. The 2DS is an optical array probe 
that utilizes two independent probes with laser beams in the horizontal and vertical 
directions that cross in the middle of the sample volume. In addition, it uses 128-
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photodiode linear arrays and electronics to produce 10 µm pixel resolution shadowgraph 
images, a key to improve the sizing and detection of small particles (D<100 µm) (Lawson 
et al. 2006). From Table 1.1, the nominal size range of the 2DS is 10 to 1280 µm. 
Shattering artifacts can occur in all of the CIP, 2DC and 2DS as a result of large crystals 
hitting the detector arms (Field et al., 2006). Shattered artifacts have been removed from 
the 2DS data here by using the measured particle inter-arrival times to identify particles 
that are likely artifacts (e.g., Lawson et al. 2006). 
 Figure 22 shows the average size distributions measured by all the probes for 
times in cirrus between 17:47:05 and 19:41:16 UTC on 4 April 2008 during Flight 11. In 
section 3, the number concentrations from different probes in overlapping size ranges are 
compared as functions of a variety of different variables in order to identify potential 
biases between the probes. Table 1.1 shows the nominal size ranges and caveats of the 
instruments used during ISDAC. The instruments used to study small crystals (D <50 
µm) are the CAS, CDP, FSSP096 and 2DS. The instruments which examined larger 
crystals (D> 50 µm) are the CIP2, 2DC and 2DS.  Larger crystals (200 – 6400 µm) are 
measured by the 2DP.  
 During M-PACE, the UND Citation was equipped with a FSSP (3.0 <D< 54.5 
µm), a one dimensional cloud (1DC) probe (50 <D< 620 µm), a 2DC effectively 
measuring SDs with D (125 µm and 1600 µm), and a high-volume precipitation sampler 
(HVPS, 400 µm to 4 cm). A CPI gave 2.3 µm resolution images of crystals with 15 < D < 
2000 µm.  The CSI measured the total water content which is assumed equal to the IWC 
in cirrus. Table 1.2 summarizes the caveats for the instruments equipped on the UND 
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Citation during M-PACE. For both flights through cirrus on the 17 and 18 October 2004, 
all of the probes functioned well. 
 MPACE did not have the complete range of probes used during ISDAC and hence 
MPACE data are not used for the small crystal comparison study, but rather to estimate 
cirrus bulk properties that can be compared against data collected during ISDAC and 
other campaigns. Chapter 3 evaluates the small crystal measurements and assesses 
whether the forward scattering probes overestimates small crystals concentrations as 
suggested in previous studies.  
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III. RESULTS/DISCUSSION 
 
3.1. Overview 
 A statistical comparison study similar to studies by McFarquhar et al. (2007) is 
used to evaluate the performance of small ice crystal measurements from the CAS, CDP, 
FSSP096 and 2DS during ISDAC. The CAS had previously been shown to overestimate 
small ice crystal concentrations compared to the CDP by 1-2 orders of magnitude 
(McFarquhar et al. 2007). In addition, Jensen et al. (2009) have shown that the CAS 
overestimates small ice crystal concentrations compared to the 2DS by 1-2 orders of 
magnitude. The performance of the CAS, CDP, FSSP096 and 2DS in measuring small ice 
crystals during ISDAC is discussed in this Chapter. 
 An attempt is also made to examine the hypothesis that the shattering of large 
crystals produces small ice crystal artifacts, the number of which may depend on many 
variables such as crystal habit, aircraft orientation and atmospheric conditions. In this 
study, a statistical comparison of large crystal and small crystal concentrations is made as 
a function of many variables such as RHice. Three particular cases are examined to show 
relationships between the 2DS and CDP, examining reasons behind the inconsistencies of 
these probes.  
  
3.2. Evaluation of the CDP and CAS during ISDAC 
 Previous studies, such as McFarquhar et al. (2007), have shown that the shattering 
of ice crystals occurs on the CAS inlet mainly due to the presence of its shroud. This 
shattering especially enhances the ice crystal concentrations of crystals D < 25 µm. 
McFarquhar et al. (2007) showed that during the Tropical Warm Pool International Cloud 
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Experiment (TWP-ICE) the CAS overestimated CDP total number concentrations (Nt) by 
300%, extinction by 106% and IWC by 49% in tropical anvil cirrus.  
 A comparison study analogous to that of McFarquhar et al. (2007) is used to 
evaluate the CAS, CDP, FSSP096 and 2DS data collected during ISDAC. A lower 
threshold size of 3 µm was used to compare the CAS and CDP concentrations because of 
their different lower size threshold. Fig. 23 (a-e) compares the CAS and CDP 
concentrations as a function of the CIP2 during the periods when cirrus were encountered 
during ISDAC on 4 April, 5 April, 13 April, 19 April, 25 April and 27 April 2008. Each 
symbol represents a 10 s average and is colored according to 5 ranges of N>100 (number 
concentration with size greater than 100 µm) measured by the CIP2 (corrected to remove 
shattered artifacts): N>100 = 0 L-1, 0 < N>100 < 0.1 L-1, 0.1 < N>100 < 1 L-1, 1.0 < N>100 < 
10.0 L-1 and N>100 > 10 L-1. A best fit slope between the CAS and CDP concentrations is 
assigned to the corresponding CIP2 total concentration range for the scatter plots in Fig. 
23 (a-e) indicated in black, blue, green, red and purple.  
 In Fig. 23 (a), there are 1-2 orders of magnitude disagreement between CDP3-50 
and CAS3-50 similar to findings of McFarquhar et al. (2007). Examination of the CPI 
images and RICE measurements show that no liquid water was detected for these 
concentrations when N3-50, CDP < 103 L-1. In the presence of ice, there is almost 2 orders of 
magnitude disagreement between N3-50,CAS and N3-50, CDP.  Fig. 24 shows the average ratio 
of number concentration = N3-50, CAS/N3-50,CDP as a function of CIP2 number 
concentration N>100. There is a strong suggestion of shattering from large ice crystals 
because the ratio N3-50, CAS/N3-50,CDP increases from 46.54 to 324.22 as N>100 increases. In 
addition, Fig.25 (a-e) show size distributions averaged over all time periods when cirrus 
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were encountered on each flight showing consistent 1-2 orders of magnitude overestimate 
of the CAS (red) compared to the CDP (green). The only exception was on 13 April 2008 
Flight 18 when the CAS and CDP were not working properly. Overall, the disagreement 
between the CAS and CDP during ISDAC are similar to those found by McFarquhar et al. 
(2007).   
 
3.3 Evaluation of 2DS and CAS during ISDAC 
 Other studies such as Jensen et al. (2009) have hypothesized that the CAS 
produces large crystal shattering on the inlets. Jensen et al., 2009 used 2DS 
measurements in tropical anvil cirrus and found small crystal concentrations typically one 
to two orders of magnitude lower than from the CAS.  Their findings are comparable to 
McFarquhar et al.’s (2007) comparison of the CAS with CDP in tropical anvil cirrus 
during TWP-ICE. Measurements of the 2DS and CAS during ISDAC are compared for 
the measurements in a study analogous to that of McFarquhar et al. (2007). A lower 
threshold size of 10 µm was used to compare the 2DS and CAS because of differences in 
the size range that each measures. 
 Fig. 25(a-e) show a size distribution with 1-2 orders of magnitude disagreement 
between the 2DS10-50 (black) and CAS10-50 (red), similar to the differences found by 
Jensen et. al (2009). The 2DS during 13 April 2008 was not operational and therefore not 
shown in the figure. During these flights, no spherical CPI (See Fig. 1 to Fig 6) images 
were noted, suggesting that liquid water were not present. This finding again suggests 
possible shattering of large ice crystals from the CAS due to its inlet as suggested by 
Jensen et al. (2009).  
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 The 2DS was next compared to the CDP to determine if they agreed for the 
measurements of small crystals. Compared to the agreement of the 2DS with the CAS 
and FSSP, it appears that the 2DS show better agreement with the CDP, even though the 
CDP underestimates small crystal concentrations measurements. Fig. 24 shows the 
average ratio of number concentration = N10-50, CDP/N10-50,2DS as a function of CIP2 
number concentration N>100. In this case, there is less suggestion of shattering from large 
crystals between the CDP and 2DS because the ratio N10-50, CDP/N3-50,2DS decreases from 
12.88 to 0.5 as N>100 increases. The closer agreement between the 2DS and CDP may 
occur because both probes not having probe tips close to the sample volume, and hence 
there is less chance of large particles shattering.  
 
3.4 Statistical summary of probes measurements during ISDAC 
 Past studies (e.g., Field et al. 2003) suggested that the FSSP overestimates 
concentrations of small ice crystals due to its inlet design and shroud. The measurement 
of small crystals made by the FSSP during ISDAC can be compared to those of other 
probes. The number concentrations of small ice crystals from the CAS, CDP, FSSP096 
and 2DS are compared for different CIP2 number concentration ranges for six flights 
during ISDAC on 4 April, 5 April, 13 April, 19 April, 25 April and 27 April 2008.  
 Fig.24 show the average ratio for N3-50, FSSP096/N3-50,CDP, N3-50, CAS/N3-50,FSSP096 and  
N10-50, FSSP096/N10-50,2DS as a function of CIP2 number concentration N>100. The average 
ratio for N3-50, FSSP096/N3-50,CDP increases from 9.65 to 116.28 with increasing CIP2 N>100 
which strongly suggests shattering of large ice crystals similar to the relationship of the 
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CAS and CDP. In addition, the average ratio for N3-50, CAS/N3-50,FSSP096 decreases from 
19.24 to 2.81 which does not suggest shattering. For the FSSP and 2DS, the average ratio  
N10-50, FSSP096/N10-50,2DS increases from 57.12 to 221.73 which may suggest shattering but 
the ratio decreases from 221.73 to 39.63 when CIP2>100 increases from 1 to 
concentrations greater than 10 L-1. This discrepancy between the FSSP096 and 2DS is not 
readily explained and further statistical analysis needs to be conducted.    
 
3.5 Measurements of small crystals as a function of relative humidity  
 The amount of shattering may depend on many factors such as crystal habit, 
aircraft orientation and atmospheric conditions such as temperature and relative humidity. 
In this study, the CDP and 2DS are compared as a function of relative humidity to 
determine if the time periods when the CDP underestimates the 2DS are consistently 
associated with high or low humidifies. It is hypothesized that the CDP is most likely 
working properly if it detects more ice particles when humidity values are higher. It is 
assumed when the relative humidity is lower, the small crystals would be evaporated and 
thus higher humidity should be associated with more crystals. Observations from 
Comstock and Ackerman (2004) and Lee et al. (2004) have shown that RH
 ice varies from 
50% to ~160% for temperatures below -40 °C in cirrus. Three cirrus cases during ISDAC 
were examined to investigate this issue.  
 1) During Flight 13 on 5 April 2008, neither the CDP nor 2DS recorded the 
presence of any small ice crystals (Fig. 26 a and b). Fig 26 a and b shows the number 
distribution function(N(D)) from both the CDP and 2DS as a function of diameter 
together with RH
 ice (black line) and temperature (grey line) as a function of time. During 
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this flight, RH
 ice varied from 84% to 135%. For the majority this flight, large crystals 
were measured by the 2DC and 2DP for RHice ranging from 90% to 125% with 
temperatures from -33 to -35°C. Representative CPI images during the corresponding 
time are shown along the x axis. The images show that the majority of crystals had D 
larger than 125 µm. The pristine and bullet rosette shapes may indicate time periods of 
growth where as in different time periods, the presence of many larger ice crystals with 
rounded edges most likely indicate sublimation that may preferably remove small ice 
crystals. 
 2) During Flight 25 on 19 April 2008, Fig. 27 a and b show small ice crystals 
were recorded by the 2DS between 20:05:45 to 20:55:45 whereas the CDP did not detect 
any small ice crystals. RHice values varied from 85% to 110% with decreasing 
temperatures from -20 to -33 °C between 19:49:05 to 20:55:45. During the time period 
from 20:05:45 to 20:55:45, these data points correspond to the purple data points seen in 
Fig. 23 d, where the 2DS overestimates the CDP with N>100 > 10 L-1. CPI images also 
show ice crystal sizes from 10 to 125 µm with some pristine crystal shapes such as bullet 
rosettes and semi-spherical particles. Also, Fig, 25 d shows the SD of the 2DS (black) 
overestimates that of the CDP (green) during this particular flight for diameters between 
10 and 50 µm. This suggests that the CDP is probably underestimating the 2DS 
concentrations during this period.  
 3) During Flight 29 on 25 April 2008, Fig. 28 show measurements of small ice 
crystals from the 2DS during the time period 3:12:02 to 3:14:32 which correlates to the 
same time period the CDP measures small ice crystals. There were few measurements of 
small ice crystals from both the CDP and 2DS during the rest of the flight from time 
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3:06:12 to 3:12:02 when temperatures were between -35 and -36 °C and RHice had peaks 
from 110% to 128% several times . The representative CPI images show that majority of 
the crystals from 3:06:12 to 3:12:02 were large (D> 125 µm) with mostly pristine crystal 
shapes such as bullet rosettes or aggregates of bullet rosettes. During the time period 
3:12:02 to 3:14:32, the CPI showed higher concentrations of smaller crystals possibility 
indicating the aircraft sampled a nucleation zone. During this time, the temperature 
increased from -35.5°C to -33.8 °C with RH
 ice  ranging from 105% to 100%.The data 
points during this period correspond to the points in Fig. 23 d where the CIP2 
concentrations range from 0 < N>100 < 10 L-1  (colored in blue, green and red).  In addition 
to this flight, the 2DS and CDP show better agreement for 10 < D < 50 µm than seen 
during Flight 25 in Fig. 27. 
 To summarize the three above cases, there is no consistent relationship between 
the 2DS and CDP concentrations. Additional data (angle of attack, roll, drift angle, true 
air speed, pitch and altitude, RICE, KING and CSI IWC (g/m3)) for the three cases are 
shown in Fig. 29, Fig. 30 and Fig. 31. Variations in these parameters cannot explain the 
discrepancy between the response of the 2DS and CDP. When RH
 ice is greater than 110%, 
there is no systematic increase or decrease in the number of small ice crystals measured 
by the CDP. This contradicts the findings of Krämer et al. (2009) who showed that the 
number of ice crystals decreases when RH
 ice increases and may suggest the CDP does not 
always respond to the presence of small ice crystals.  
 A statistical analysis similar to McFarquhar et al. (2007) is used to examine the 
correlation of the CAS, FSSP096, CDP and 2DS as a function of RH
 ice seen in  
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Fig. 32 a-e.  An overview of the average ratio of N3-50, CAS/N3-50,CDP, N3-50, FSSP096/N3-50,CDP, 
N3-50, CAS/N3-50,FSSP096, N10-50, CDP/N3-50,2DS, N10-50, FSSP096/N10-50,2DS a function of RH ice are 
indicated in Fig. 24. The average ratio for the N3-50, CAS/N3-50,CDP increases from 116.11 to 
311.56 while also the N3-50, FSSP096/N3-50,CDP increases from 5.09 to 119.96 and  
N10-50, CDP/N3-50,2DS increases from 39.28 to 139.74 with increasing RHice from 40 to 160%.  
For the average ratio of the N3-50, CAS/N3-50,FSSP096 decreases from 29.72 to 3.10 and also 
the N10-50, CDP/N10-50,2DS decreases from 2.55 to 1.50 with increasing RHice. These ratios 
have similar increasing and decreasing correlations to the average ratios as a function of 
increasing CIP2 concentrations N>100. This indicates a strong dependence upon the 
average ratio of the probes or RH
 ice.  
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IV. SUMMARY AND CONCLUSION 
 
4.1. Overview 
  
 This study used in-situ observations of arctic cirrus acquired during Indirect and 
Semi Direct Aerosol Campaign (ISDAC) conducted out of Fairbanks Alaska in April 
2008.  These unique data from ISDAC provided the ability to compare measurements of 
small ice crystals (D<50µm) from the Cloud Droplet Probe (CDP), Cloud Aerosol 
Spectrometer (CAS), Forward Scattering Spectrometer Probe (FSSP096) and two-
dimensional stereo probe (2DS). These are the first set of data where many different 
probes measured the same size range installed on the aircraft.  Cirrus was penetrated by 
the National Research Council (NRC) Convair- 580 on 4 April, 5 April, 13 April, 19 
April, 25 April and 27 April 2008.  
 A statistical comparison study similar to that performed by McFarquhar et al. 
(2007) has been used to evaluate the performance of the CAS, CDP, FSSP096 and 2DS 
measuring cirrus during ISDAC. In addition, the dependence of their performance on the 
relative humidity with respect to ice (RH ice) has been evaluated to try and further assess 
the performance of the 2DS and CDP.  A statistical summary of RH ice have also been 
examined as a function of the CAS, CDP, FSSP096 and 2DS to asses whether the CDP 
and 2DS concentrations may be biased low or whether the CAS and FSSP096 
concentrations biased high.  
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4.2 Summary of conclusions 
 
(1)  The CAS concentrations are 1-2 orders of magnitude higher than the CDP 
concentrations in cirrus which is similar to the findings of McFarquhar et al. (2007).  Size 
distributions (SDs) from Fig. 23 a and Fig 25 a-e show almost consistent 1-2 orders of 
magnitude overestimate of small ice crystal concentrations of the CAS3-50 (red) compared 
to the CDP3-50  (green). 
 
(2)  The CAS concentrations are 1-2 orders of magnitude higher than those of the 2DS, 
and similar to the results found by Jensen et al. (2009). Fig. 25 a-e shows a size 
distribution with 1-2 orders of magnitude overestimate of small ice and CAS10-50 (red) 
compared to 2DS10-50 (black). 
 
(3) A statistical correlation is observed between the CAS and FSSP096 which is 
comparable to the correlation observed between the CDP and 2DS. Fig 24 show the 
average ratio for N3-50, CAS/N3-50,FSSP096 decreases from 19.24 to 2.81 and the  
N10-50, CDP/N10-50,2DS also decreases from 12.88 to 0.50 with increasing CIP2 
concentrations N>100.  
 
(4) The relationship between the CDP and 2DS concentrations cannot be readily 
explained. The 2DS may have better agreement with the CDP compared to the FSSP and 
CAS. Three cirrus cases were used to examine the performance of the 2DS and CDP in 
detail: 1) 5 April 2008 Flight 13 showed both the 2DS and CDP not measuring small 
crystals, 2) 19 April 2008 Flight 25 showed the 2DS measuring small crystals but the 
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CDP had no response; 3) 25 April 2008 Flight 29 showed both the 2DS and CDP 
measuring small crystals from time periods 3:12:02 to 3:14:32.  Reasons for the 
variations in the response of these probes are not well understood. 
 
(5) The average ratio of N3-50, CAS/N3-50,CDP, N3-50, FSSP096/N3-50,CDP, N3-50, CAS/N3-50,FSSP096, 
N10-50, CDP/N3-50,2DS, N10-50, FSSP096/N10-50,2DS a function of RH ice show a strong dependence 
on RHice indicated in Fig. 24 which is similar to the dependence of the average ratio as a 
function of increasing CIP2 concentrations N>100. 
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4.3 Discussion of future work 
 
 Continued analysis is needed to further understand the importance in 
measurements of small ice crystals made during ISDAC. The following tasks should be 
completed: 
(1) Further studies need to be done on the performance of the 2DS and CDP in 
additional conditions. 
(2) Further comparisons of probe concentrations are needed to examine the 
dependence of these comparisons on variables such as aircraft orientation 
(pitch, roll, true air speed, angle of attack, etc) and atmospheric conditions 
(temperature and relative humidity). 
(3) The contributions of small ice crystals to the mass and radiative properties of 
cirrus should be quantified. 
 With the remaining tasks, progress in examining measurements of small ice 
crystals during ISDAC from various probes can be further made. The results from this 
work provide insight to further continuation of research on the importance of measuring 
small ice crystals in arctic cirrus. 
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FIGURES 
 
Table 1.1  Summary of in-situ cloud instruments installed on the National Research Council (NRC) 
of Canada Convair-580 during ISDAC. Parameters indicate Liquid Water Content (LWC), Total 
Water Content (TWC) and Size Distributions (SDs). 
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Table 1.1 (cont.) 
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Table 1.1 (cont.) 
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Table 1.2  Summary of instruments installed on the UND Citation during M-PACE.  Parameters 
indicate Liquid Water Content (LWC), Total Water Content (TWC), Size Distributions (SDs) and 
total number concentration (Nt).  
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Table 1.3 Flight time of observed arctic cirrus with corresponding latitude and longitude, start-end 
attitude and highest altitudes during ISDAC and M-PACE. The start-end flight times (UTC) a 
temperature threshold of T < -20°C. Altitudes range from 3.19 to 7.37km during ISDAC and 3.45 to 
10.4km during MPACE. Arctic cirrus is defined as those periods where 0.001 g/m3 in the stated UTC 
time range.  
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Table 1.4  Summary of operational probes during ISDAC and MPACE where “x” represents the 
days in which the probe was installed and functioning. Other probes were not installed did not 
function properly or not installed.    
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Fig. 1.  MODIS satellite image (flight path in green) and flight track of Flight 11 of NRC 
Convair- 580 on 4 April 2008 during ISDAC where red represents the flight track, with 
blue representing locations where IWC > 0.001 g/m3. Representative CPI images are 
shown to right of the flight track as a function of latitude and longitude.  
(MODIS images source:  from https://wiki.arm.gov/bin/view/AAF/IsdacWorkshop) 
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Fig. 2.  As in Fig.1 except for Flight 13 on 5 April 2008. 
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Fig. 3.  As in Fig.1 except for Flight 18 on 13 April 2008 (No CPI images were available 
from this flight). 
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Fig. 4.  As in Fig.1 except for Flight 25 on 19 April 2008. 
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Fig. 5.  As in Fig.1 except for Flight 29 on 25 April 2008. 
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Fig. 6.  As in Fig.1 except for Flight 32 on 27 April 2008. 
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Fig. 7. (cont. on next page) 
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Fig. 7. (cont. on next page) 
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Fig. 7. (cont. on next page) 
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Fig. 7.   300mb heights (meters) and wind (knots) from FSU WRF runs. (a) 12Z 4 April 
2008, (b) 12Z 5 April 2008, (c) 12Z 13 April 2008, (d) 0Z 14 April 2008, (e)0Z 19 April 
2008, (f) 0Z 25 April 2008 and (g) 0Z 27 April 2008. Data available at 
http://fuelberg.met.fsu.edu/research/arctas/nasa_arctas.php.  
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Fig. 8. (cont. on next page) 
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Fig. 8. (cont. on next page) 
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Fig. 8. (cont. on next page) 
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Fig. 8.   Surface pressure analyses at 4 hPa intervals from the FSU WRF runs. (a) 12Z 4 
April 2008, (b) 12Z 5 April 2008, (c) 12Z 13 April 2008, (d) 0Z 14 April 2008, (e)0Z 19 
April 2008, (f) 0Z 25 April 2008 and (g) 0Z 27 April 2008. Data available at 
http://fuelberg.met.fsu.edu/research/arctas/nasa_arctas.php.  
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Fig. 9.  As in Fig.1 except for flight track during M-PACE on 17 Oct. and 18 Oct. 2004 
and representative CPI images on the right of the flight track as a function of height.  
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Fig. 10.  A) Proteus nadir cloud detection lidar range with corrected backscatter, B) ARM 
MMCR reflectivity, C) University of Alaska depolarization lidar backscatter of the cirrus 
case day of 17 Oct 2004 (Verlinde et al, 2007). 
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Fig. 11.  Hypothesized conditions where ice formation in cirrus clouds can occur. 
Particle types and size are shown in the key and intended to show their relative growth or 
dilution. The arrow indicating to the top area shows (higher) humidity, (lower) 
temperature, and the height of formation of the cirrus cloud as shown by ice particle 
formation. The nucleation pathways are A, homogeneous freezing of solution droplets; B, 
homogeneous freezing limited by deliquescence requirement; C1, homogeneous freezing 
limited by secondary phase crystallization; C2, heterogeneous freezing induced by 
secondary phase crystallization; D, heterogeneous freezing of solution droplets; E1, 
deposition nucleation on an insoluble particle; E2, deposition nucleation on an anhydrous 
(dry) soluble particle; F, contact freezing nucleation (Demott, 2002). 
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Fig. 12. A picture of the FSSP096 (orange), FSSP124 (green), FSSP300 (pink) and CPI 
(yellow) on the NRC Convair-580 during ISDAC. 
 
 
Fig. 13. A close up picture of the FSSP (Ruth L. R., 2005). 
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Fig. 14. (left) Schematic of standard and modified inlet fitted to fast FSSP. (right) Picture 
of modified (silver) and unmodified (black) fast FSSP inlets (Field et al, 2003). 
 
 
 
Fig. 15. A picture of the CSI (white), CDP (red), 2DC (green), 2DP(pink), CIP1, (yellow) 
and 2DS (light blue) on the NRC Convair- 580 during ISDAC.  
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Fig. 16. A close up picture of the CDP 
(http://www.dropletmeasurement.com/products/airborne/35). 
 
 
Fig. 17. A close up picture of the 2DS on the NRC Convair- 580 during ISDAC 
(http://images.arm.gov/armimages.nsf/All/7CF3JS?opendocument). 
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Fig. 18.  A picture of the cloud, aerosol and precipitation spectrometer (CAPS) at the rear 
of the probe under the wing of the NRC Convair-580 during ISDAC where CIP2 (yellow) 
and CAS (purple) is shown. 
 
 
Fig. 19. A close up picture of the CAS 
(http://www.dropletmeasurement.com/applications/25-airborne/48-cloud-aerosol-and-
precipitation-spectrometer-caps.html). 
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Fig. 20. A close up picture of the CIP 
(http://www.dropletmeasurement.com/applications/25-airborne/48-cloud-aerosol-and-
precipitation-spectrometer-caps.html). 
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Fig. 21.  Calibration summary conducted for ISDAC showing mean diameter [µm] as a 
function of glass bead size [µm] summary for the CDP (blue), CAS (red) and FSSP096 
(green) (Freer, M., McFarquhar, G., and Strapp, J. W., 2009).  
 
 
 
 
 
 
 
 60 
 
Fig. 22. Averaged size distribution from 4 April 2008 flight 11 from 17:47:05-19:41:16 
UTC in cirrus. Size distributions from CAS, CDP, FSSP096, CIP-1, CIP-2, CIP-1 
corrected, CIP-2 corrected, 2DC corrected, 2DP and 2DS shown as indicated in legend. 
The 2DC and 2DS uncorrected data were not available for this flight. 
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Fig. 23. (cont. on next page) 
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Fig. 23. (cont. on next page) 
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Fig. 23.   a) CAS concentration (3-50 µm) as function of CDP concentration with 
coloring corresponding to concentration of particles with D > 100 µm measured by Cloud 
Imaging Probe (CIP2) N>100., during observed cirrus on 4, 5, 13, 19 25 and 27 April 2008 
(10 second averages) where the CIP2 has been corrected. Lines give best fit to data for 
given range of N>100 where the linear equation of the line is provided in corresponding 
colors. b) Same as a) except FSSP as function of CDP. c) Same as a) except FSSP as a 
function of CAS. d) Same as a) except 2DS as a function of CDP (10-50 µm). e) Same as 
a) except 2DS as a function of FSSP (10-50 µm). 
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Fig. 24.  Summary of the average ratio ( ) for probes measuring small crystals in cirrus 
(4, 5, 13, 19, 25 and 27 April 2008) during ISDAC where above shows the ratio as a 
function of CIP2 concentration increasing 0 < N>100 L-1 and below as a function of RH ice 
increasing from 40 to 140%. 
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Fig. 25. (cont. on next page) 
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Fig. 25. (cont. on next page) 
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Figure 25  SD’s averaged over the whole flight of cirrus during ISDAC for the listed 
probes. a) 4-Apr-08-Flight 11: Time period 17:47:05-19:41:16, b) 5-Apr-08 Flight 13: 
Time period 17:49:11-19:28:50, c) 13-Apr-2008 Flight 18: Time period 15:28:22-
16:59:26, d) 19-Apr-08 Flight 25: Time period 19:49:05-21:33:58, e) 25-Apr-08 Flight 
29: Time period 2:26:54-4:16:20, f) 27-Apr-08 Flight 32: Time period 4:37:28-6:15:01. 
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Fig. 26. (cont. on next page) 
 69 
Fig. 26.  N(D) [cm-3 µm-1]  as a function of diameter [µm-1] during observed cirrus for 5 
April 2008 Flight 13. CPI images above show representative crystal shape and size to the 
corresponding times below. Also, temperature (°C) [gray] and relative humidity (%) 
respect to ice (RH-ICE) [black] are indicated by the lines to the corresponding time. a) 
N(D) as a function of diameter with size range 3 to 50 µm from the CDP, 50 to 125 µm 
from the 2DS, 125 to 800 µm from the 2DC and  D>800 µm from the 2DP. b) ) N(D) as a 
function of diameter with size range 10 to 50 µm from the 2DS, 50 to 125 µm from the 
2DS, 125 to 800 µm from the 2DC and  D>800 µm from the 2DP. 
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Fig. 27.  Same as a Fig. 26, except for 19 April 2008 Flight 25.  
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Fig. 28.  Same as a Fig. 26, except for 25 April 2008 Flight 29.  
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Fig. 29.  Supplemental data showing the Rosemount icing detector, King, CSI IWC, 
aircraft height, pitch, drift angle, true air speed, angle of attack and roll as a function of 
time during observed cirrus on 5 April 2008. 
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Fig. 30.  Same as Fig. 29, except for 19 April 2008 Flight 25.  
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Fig. 31.  Same as Fig. 29, except for 25 April 2008 Flight 29.  
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Fig. 32. (cont. on next page) 
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Fig. 32. (cont. on next page) 
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Fig. 32.  a) CAS concentration (3-50 µm) as function of CDP concentration with coloring 
corresponding to relative humidity with respect to ice (%), during observed cirrus on 4, 5, 
13, 19, 25 and 27 April 2008 (10 second averages). Lines give best fit to data for given 
range of N>100 where the linear equation of the line is provided in corresponding colors. 
b) Same as a) except FSSP as function of CDP. c) Same as a) except FSSP as a function 
of CAS. d) Same as a) except 2DS as a function of CDP (10-50 µm). e) Same as a) except 
2DS as a function of FSSP (10-50 µm).  
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